polynucleotide kinase (Pharmacia) (7).
can pair a homologous oligonucleotide 15 bases long with a duplex DNA to yield synaptic complexes consisting of the oligonucleotide and duplex DNA stabilized by RecA. RecA can pair as few as eight bases of homology to form such synaptic complexes. The homologous DNAs remain paired to each other upon removal of RecA provided that the length of shared homology is at least 26 base pairs. Based on our findings and the work of others, we propose that in vitro, one helical turn of a RecA nucleoprotein filament containing approximately six RecA monomers and 15 bases of single-strand DNA is the functional unit sufficient to carry out the homology search.
The essential problem in genetic recombination is how homologous DNA sequences find each other and align. Defining the basic pairing structure that carries out the homology search is critical for unraveling the mechanism of homologous pairing by recombinase proteins like the Escherichia coli RecA protein (reviewed in ref. 1) . We reasoned that determination of the structure of strand-exchange intermediates might be facilitated by limiting pairing to very small regions. Recently, we described the stable pairing at the end of a linear duplex of very short regions of homology (<60 base pairs (bp)] by RecA or recombinases from human cells or Drosophila embryos (2) . The deproteinized product of these reactions appears to be a DNA triple helix; Rao et al. (3) have also obtained evidence for such a triple helix. While this structure is interesting in its own right, it remains to be seen how it relates to bona fide strand-exchange intermediates, since it is unlikely that RecA dissociates from strandexchange intermediates (reviewed in ref. 4 ). In addition, pairing or synapsis of homologous DNAs during conjugational recombination in E. coli (5) and in meiotic recombination in yeast (6) is probably initiated by invasion of a single-strand end into a region of uninterrupted duplex DNA.
In this paper, we show that in the presence of adenosine polynucleotide kinase (Pharmacia) (7) .
Oligonucleotides homologous to pUC18 (see Fig. 2 ) spanned positions 230-285, 230-267, 230-255, and 230-249 (8) . Oligonucleotides completely homologous to pBR322 (see Fig. 3 ) spanned positions 15-29, 10-29, and 4359-29 (9) . The 20L series of oligonucleotides (see Fig. 4 ) had homology to pBR322 at positions 10-29, 20-29, 22-29, 24-29 , and 26-29. The 20R series (see Fig. 4 ) had homology to positions 20-39, 20-29, 20-27, 20-25, and 20-23 When RecA and the DNA substrates were coincubated in the presence of ATP, deproteinized joint molecules were recovered after 1 min at 37TC. However, the yield of joint molecules diminished with increasing incubation times. After 3 min, recovery of joints was reduced by half; after 15 min, no joints were recovered (data not shown). Since in all experiments the samples were deproteinized and electrophoresed under identical conditions after incubation with RecA, we postulate that the decreasing yield ofjoint molecules was not due to instability of the deproteinized products themselves but was due to a RecA-promoted dissociation in the presence of ATP (10) . The short half-life of these joint molecules formed in the presence of ATP made it infeasible to isolate synaptic complexes under these reaction conditions.
After Having defined reaction conditions that yielded stablejoint molecules, we turned to the formation of synaptic complexes containing a RecA nucleoprotein filament. Synaptic complexes were formed with as few as 20 bases of homology shared between the oligonucleotide and the duplex DNA (Fig. 2C, lane 9) . Quantitation of the supercoiled DNA protected from digestion by Sac I indicated that 70-75% of the duplex DNA was present as synaptic complexes when the oligonucleotide contained 56 or 38 bases of homology (lanes 3 and 5). Fifty-five percent and 20% of the duplex were converted to synaptic complexes with 26 and 20 bases, respectively, of homology. Formation of synaptic complexes required the presence of both RecA and the homologous oligonucleotide. As expected, when the duplex was incubated with oligonucleotide and RecA, but without restriction enzyme, the supercoiled DNA remained intact (lane 1). The footprint of the synaptic complex did not extend appreciably beyond the region of the duplex that was colinear with the oligonucleotide; for example, HindIII cleaved at a site 14 bp from the region spanned by the 38-base oligonucleotide (lane 10). If, however, synaptic complexes were formed with the 56-base oligonucleotide, protection from HindIII cleavage was observed (data not shown).
We mapped the extent of protection from restriction endonuclease cleavage conferred by a RecA synaptic complex (data not shown). When we formed three separate synaptic complexes with one of three different 20-base oligonucleotides spanning different regions of the polylinker of pUC18, we found that the footprint of the synaptic complex extends 11-14 bases beyond the 5' and 3' ends of the paired oligonucleotide. We do not know whether the footprint resulted from steric hindrance by the synaptic complex or from a local deformation of the duplex DNA that prevented binding and/or cleavage by a restriction endonuclease.
Superhelical strain is not essential for the formation of synaptic complexes involving very short regions of homology. RecA converted 78% of a linear pBR322 duplex to synaptic complexes when reacted with a homologous oligonucleotide 33 bases long (data not shown).
The formation of synaptic complexes involving 56 bp of homology does not exhibit directionality. Synaptic complexes were formed with about equal efficiencies when we used a 56-base oligonucleotide homologous to the polylinker region of pUC18 or one of several other oligonucleotides having the same 56-base sequence plus 20 (Fig. 3C, lanes 4  and 7) . In this assay, use of a 33-base oligomer resulted in the conversion of 80-90%o of the duplex to synaptic complexes (i.e., protection from cleavage by EcoRI, Cla I, and HindIII), but a 13-base oligomer yielded no synaptic complexes (data not shown). The formation of synaptic complexes required the presence of both oligonucleotide and RecA. As expected, the footprint of the synaptic complex did not extend appreciably beyond the region of pairing (see Fig. 3C, lane 10) .
Since the formation of a presynaptic filament composed of RecA and single-strand DNA is a prerequisite for pairing (1) (Table 1 ). This experiment not only establishes the minimum homology paired by RecA in this assay but also definitively establishes whether the initiation of pairing by RecA exhibits directionality. The results (Fig. 4) indicate that RecA can pair as few as 8 bases of homology at either the 5' or the 3' end, albeit at low efficiency (10%o and 12%, respectively). Increasing the concentrations of oligonucleotide and RecA 10-fold did not alter these results (data not shown). These findings establish that the thresholds for presynaptic filament formation and homologous pairing are different and that either the 5' or the 3' end of a single-strand DNA can nucleate pairing. Fifteen bases are required to form the structure that can carry out the homology search, but only half of the bases in this structure need be homologously paired by RecA.
DISCUSSION
We have examined how a recombinase, E. coli RecA, nucleates the pairing of homologous DNAs. We have focused on two related issues. First, a large body of evidence indicates that RecA nucleoprotein filaments on either singlestrand or double-strand DNA have a regular structural repeat consisting of six RecA monomers and -18 bases or base pairs (4) . We asked whether a single structural repeat of the presynaptic filament consisting of RecA and single-strand DNA could carry out the homology search in vitro. Second, we asked whether there is any need to postulate additional molecular mechanisms other than RecA-mediated pairing to account for genetic recombination involving very short regions of homology.
To our surprise, we were able to document pairing by RecA involving lengths of homology significantly shorter than previously described (2, 12, 13 (18) . Since there appears to be only one nucleotide binding site per monomer of RecA (19) , it is likely that the minimum functional unit required for pairing is a dimer of RecA. A similar conclusion has been reached by examining the kinetics of ATP hydrolysis by RecA (20) . Our results also suggest that in the cell, where ATP is the predominant nucleotide cofactor, the two monomers of RecA act sequentially to hydrolyze ATP during the initiation of pairing.
Directionality of Initiation of Pairing. Does strand exchange initiate from the 5' or 3' end of a homologous single strand? Others have shown that the pairing of DNA within a nucleoprotein filament, sometimes referred to as a paranemicjoint, exhibited no directionality (21) . However, in those studies large regions of homology spanning several thousand base pairs were used, making it difficult to distinguish initiation of pairing at an end versus initiation at an internal site. In the present study, we observed that eight bases of homology on either the 5' or the 3' end of an oligonucleotide was sufficient to form synaptic complexes (Fig. 4) , demonstrating that the initiation of pairing does not exhibit directionality. As others Proc. Natl. Acad. Sci. USA 89 (1992) have observed (reviewed in ref. 1 (23, 24) . We propose that the synaptic complexes described here are structurally related to a strand-exchange intermediate; however, demonstration that the putative intermediate reacts sufficiently rapidly to yield product to be on the pathway (see ref. 22 ) will require further work.
Although there is evidence for the formation of a triple helix when a single-strand circular DNA is paired at the end of a linear duplex (2, 3), we have no evidence that the synaptic complexes or joint molecules formed between a supercoiled duplex DNA and an oligonucleotide have such a triple-helical structure. The restriction endonuclease protection assay for synaptic complexes does not possess sufficient resolution to reveal the disposition of the three DNA strands in the region of pairing. That the joint molecules in this study are stabilized by Mg2+ and superhelicity whereas the ones formed from linear duplexes are not suggests that these two sets of joint molecules are different. Thus, although the structure of the paired region in joint molecules containing supercoiled duplexes could be a triplex or closely related structure, it is equally likely that strand exchange may have occurred, creating a displacement loop (D-loop).
Biological Implications. Our observations on the pairing of exceedingly short regions of homology by RecA are consistent with genetic data from both prokaryotes and eukaryotes indicating that short homologies (<50 bp) are substrates for recombination in vivo, albeit at low frequencies (references cited in ref. 2 ). In addition, recent evidence points to recombination involving <10 bp in yeast (25) as well as in the human mitochondrial genome (refs. 26 and 27 and references therein). Our data establish a plausible explanation for such results-that RecA-like proteins can mediate such recombination events involving short homologies in vivo-and that there is no need to invoke other mechanisms (e.g., copy choice) to explain such phenomena.
Based on the synaptic complexes described here, it was recently shown that RecA possesses a high degree of discrimination for sequence homology, allowing targeting of an oligonucleotide to a specific site on duplex DNA of large complexity, and it is now possible to achieve site-specific excision of large DNA fragments from human genomic DNA, a useful step in mapping this and other complex genomes (28) .
In that study it was demonstrated that synaptic complexes inhibit the action of other DNA-modifying enzymes, such as DNA methyltransferases. If the targeting by RecA of an oligonucleotide to a duplex sequence in a complex genome is a paradigm for the pairing of homologous chromosomes in eukaryotes, then a study of the parameters of the in vitro reaction, such as the effects of sequence context and substrate concentrations on the kinetics ofpairing, might provide some insight into the process of chromosome pairing during meiosis.
Finally, one can now employ an extensive array of methods used to study sequence-specific DNA-binding proteins to examine the alignment of an oligonucleotide with a target duplex DNA in a RecA synaptic complex. The alignment by RecA of an oligonucleotide to its "target" sequence on a DNA duplex is very specific, involves a limited number of RecA molecules and DNA bases, and represents the threshold event for homologous pairing. We hope to be able to relate this structure to our previously described triple-helical structure (2) .
